The influence of monomethylated basic amino acids [N G -monomethyl-L-arginine (MMA) and N ε -monomethyl-L-lysine (MML)] and ozone capturers (indigo carmine, d-limonene) on the antibacterial effect of the mycotoxins aflatoxins B1, B2, G1 and G2 was studied in BioArena, which is a complex bioautographic system especially suitable for investigating biochemical interactions. In the presence of the formaldehyde precursors MMA or MML, the antibacterial-toxic activity of all the aflatoxins against the phytopathogenic bacterium Pseudomonas savastanoi pv. phaseolicola was enhanced dose-dependently. Indigo carmine and d-limonene, in appropriate concentrations, decreased the inhibition zones of aflatoxins. These results support the original idea that HCHO and its derivative O 3 may be involved in the antibacterial activity of aflatoxins and so, potentially, in their known toxic effect.
Mycotoxins, secondary metabolites of various molds, are significant natural contaminants of feeds and foodstuffs. Among them, aflatoxins, produced by some Aspergillus species, such as A. flavus and A. parasiticus, may contaminate, for example, cereals, oilseeds, coffee and spices [1a,1b] , and represent a major threat world wide owing to their occurrence and toxicity. Knowledge of the mechanism of action of aflatoxin B1 (AFB1), B2 (AFB2), G1 (AFG1) and G2 (AFG2) is required for successful protection against their harmful effects, such as carcinogenicity, mutagenicity and teratogenicity [1c,1d] . AFB1, the most potent of the aflatoxins, is associated with the development of human hepatocellular carcinoma [1e]; therefore, it has been classified since 1993 as a human carcinogen by the WHO-International Agency for Research on Cancer (WHO-IARC) [1f] .
The metabolism of aflatoxins in mammals has been wellstudied [2a] . However, the mechanism of their toxic effect is not sufficiently understood. The oxidation of AFB1 results in a very reactive epoxide intermediate (AFB1 exo 8, that can bind to DNA, RNA and proteins. All four examined aflatoxins can be enzymatically demethylated. In the case of AFB1, the products are the almost non-toxic aflatoxin P1 and formaldehyde (HCHO) [2a] . A relationship was observed between the risk of liver cancer and the presence of aflatoxin P1 in human urine [2b] . It was suggested earlier that spontaneous [2c,2d] and enzymatic [2e] methylation processes take place through HCHO. HCHO, a class 1 human carcinogen [2f], is a normal and essential cell ingredient, present in bonded forms, for example in hydroxymethyl, formyl, N-methyl, S-methyl and O-methyl groups in biological systems [3,4a, 4b] , and can be generated by methylation-demethylation processes, especially in stress conditions [4c] . Excess HCHO was measured in bacteria in the presence of aflatoxins [4d] . Fourier transform Raman spectroscopic results suggest that, in the case of AFB1, HCHO originated not only from stress-enhanced demethylation of normal cell ingredients, but also from the demethylation of the toxin [4d]. We have to note that the nascent HCHO is marginally more effective than free HCHO [4e]. Aflatoxin B1 and other chemical carcinogens induce the production of hydrogen peroxide (H 2 O 2 ) [5a] , which may help the oxidation of the methyl group (enzymatic demethylation) [5b]. In the presence of elevated HCHO and H 2 O 2 the possibility of a reaction between the two is higher. Their reaction generates excited HCHO and also singlet oxygen [5c], which can oxidize water. The formed unstable H 2 O 3 disintegrates and, amongst others, ozone (O 3 ) is released [5d,5e]. The nascent, very reactive molecules can be offensive to cellular components, inducing special oxidative reactions. This is in agreement with the observation that the induction of oxidative reactions plays a role in the toxicity of aflatoxins [6a] , and with results that AFB1 generates DNA-damaging free radicals [1e], induces lipid peroxidation [6a,6b] , and that the cytotoxic effect of AFB1 could be partially attenuated by antioxidants [6c].
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In our laboratory, the mechanism of the antimicrobial effect of aflatoxins, which is probably analogous with their toxicity, was investigated using the BioArena system [6d-6f] against Pseudomonas savastanoi pv. phaseolicola (Psp) bacterial cells. In BioArena, based on direct bioautography, the planar layer liquid chromatographic development is followed by immersion of the chromatoplate into a cell suspension and visualization of the bioautogram using a vital dye (biological detection). This system is suitable for the examination of the influence of different endogenous and⁄or exogenous substances (added to the cell suspension before immersion) on the action of compounds held by the stationary phase and having antimicrobial activity. aflatoxins B1, B2, G1 and G2 (Figure 1) by 64, 21, 77, and 42%, respectively, which was confirmed by densitometric evaluation (Figure 2 ). With increasing concentration of the dissolved MML in the cell suspension (0.1, 0.5 and 1 mg mL -1 ), the appropriate inhibition zones of AFB1 became continuously larger to an extent of 25, 45, and 75%, respectively, which was shown also by the densitograms.
HCHO can be formed by enzymatic demethylation of MMA and MML [7f,8a], especially during stress in the biological system caused by aflatoxin in the chromatographic spots [4c]. It seems that HCHO could be released not only from the HCHO precursor cell ingredients and from the aflatoxins themselves, but also from externally added free methylated basic amino acids, and so an excess amount of HCHO could result in the bigger aflatoxin spots. It is supposed that in this case the earlier deduced reaction chain (from HCHO to O 3 ) occurs, and, moreover, is promoted, which could lead to the stronger antibacterial activity of the aflatoxins.
We supposed that O 3 can be produced in the chromatographic spots of aflatoxin in the BioArena, and that this is partly responsible for their antibacterial-toxic effect. For the elimination of this, the O 3 scavengers, indigo carmine [8b] and d-limonene [8c], were dissolved in the cell suspension before toxin treatment. It can be seen in Figure 3 that the presence of indigo carmine decreased the antibacterial activity of all examined aflatoxins, by 30-50%, as shown by densitometric evaluation. Comparing the d-limonene treated layers to the control, a 30% decline in antibacterial activity of AFB1 (based on densitometric data) was observed for the lowest concentration (50 L in 100 mL cell suspension) of d-limonene, but in the presence of a higher amount of d-limonene the clear AFB1 inhibition zones were larger.
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Antibacterial mechanism of aflatoxins Natural Product Communications Vol. 6 (5) 2011 659 We have demonstrated a new approach to studying the mechanism of action of aflatoxins by means of BioArena. It seems that this system enables effective study of the mechanism of effect of antimicrobial substances, such as aflatoxins. The results support the original idea that HCHO and its reaction product O 3 are responsible for the biological activity of aflatoxins and so potentially for their known toxic effects, too.
Experimental
Chemicals and reagents: Aflatoxins B1, B2, G1 and G2 were purchased from Sigma Aldrich Ltd. (Budapest, Hungary). Layer chromatographic developments were performed on aluminum foil-backed silica gel 60F 254 chromatoplates (TLC chromatoplate, Merck, Darmstadt, Germany, 5554) . For OPLC separation, chromatographic grade solvents from Merck were used. Analytical-grade Triton X-100, dye reagent MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide), d-limonene and indigo carmine were purchased from Sigma-Aldrich (Budapest, Hungary). Analytical-grade N G -monomethyl-Larginine (MMA) and N ε -monomethyl-L-lysine (MML) were from Serva (Heidelberg, Germany).
TLC and OPLC separation:
Overpressured layer chromatographic (OPLC) [9b,9c] separation of 4 aflatoxins was performed on sealed (impregnated at all 4 edges) and preconditioned (at 130°C for 3 h) 20 cm × 20 cm analytical layers by means of a personal OPLC 50 BS instrument (OPLC-NIT Ltd. Budapest, Hungary). The separation conditions were: mobile phase chloroformacetone 9:1 (v/v), external pressure 50 bar, flow rate 400 μL min -1 , initial flash volume 400 μL, separation volume 4500 μL, and total development time, 685 s. Sample application was performed by a microsyringe in spot shape at 3 cm from the edge of the layer. AFB1 was chromatographed by conventional thin-layer chromatography (TLC) in an unsaturated chamber on previously heated (3 h, 120°C) 5 cm × 10 cm plates with chloroformacetone, 9:1 (v/v). Samples were applied 12 mm from the edge of the layer in spots. The mobile phase used for both OPLC and TLC methods was pure chloroform previously extracted with an aqueous solution of sodium hydrogen carbonate (0.1%) and dried on sodium sulfate to eliminate the stabilizer amylene, free hydrochloric acid, and chlorine. Developed plates were dried in a cold stream of air by use of a hair-dryer (5 min). The chromatographic spots were visualized using UV illumination at 365 nm, and by use of the BioArena system. Densitometric evaluations were accomplished by means of a Shimadzu (Kyoto, Japan) CS-930 dual-wavelength TLC scanner.
Bioassay investigations:
To obtain a cell suspension of the bean pathogen, Pseudomonas savastanoi pv. phaseolicola (Psp) race 6 for bioassay, bacterial cells were grown in liquid King's medium [9d] until they reached late exponential phase, corresponding to approx. 1.5×10 9 cells mL -1 . Just before use, 50% by vol. of fresh medium was added to the culture. Biological detection in BioArena was based on conventional direct bioautography in which the developed, dried adsorbent layers containing aflatoxins were dipped into the Psp cell suspension for 20 s, before excess liquid was drained off. For detection of the biological effect of aflatoxins, after incubation for 2 h (28°C, 100% relative humidity) the inoculated layer was immersed in an aqueous solution of MTT vital dye reagent (100 mg Triton X-100 and 80 mg MTT in 100 mL water) for 10 s. To study the effect of different substances on the antibacterial activity of aflatoxins, either N G -monomethyl-L-arginine (MMA), N ε -monomethyl-L-lysine (MML), indigo carmine, or d-limonene was dissolved in Psp bacterial cell suspension immediately before immersion. The image of the bioautograms was recorded by use of a scanner (Mustek 1200 ED Plus); the inhibition zones were evaluated with a Shimadzu TLC scanner at 600 nm.
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